The most important parameter in the design of the building envelope is the insulation thickness, because it dramatically influences the heating and cooling loads. The objective of this study is the investigation of different insulation scenarios for the four climate zones of Greece and, more specifically, the cities Heraklion, Athens, Thessaloniki, and Florina. The insulation thickness is examined up to 8 cm and the optimum thickness is determined by the minimization of the simple payback period in order to design a cost-effective system. Moreover, the primary energy consumption, the heating/cooling loads, and the equivalent CO 2 emissions are calculated. Furthermore, a multi-objective evaluation procedure of the various insulated scenarios is conducted in order to show the relationship between the energetic and the financial optimization. Generally, it is found that the optimum insulation thickness is around 4 cm for all the climate zones using financial criteria, while the energy criteria indicate higher thicknesses. These results can be applied to the suitable design of Greek residential buildings.
Introduction
Building consumes large amounts of energy, which is approximately the 30-40% of the worldwide energy consumption [1] . More specifically, this percentage is variable among the countries and it is 41% for the United States, 28% for China, and 37% for Europe [2, 3] . The energy consumption for covering the heating and the cooling needs is about the 2/3 of the total energy needs in the buildings [4] . Thus, it is obvious that there is a need for reducing these energy amounts in order to achieve lower energy consumption worldwide [5] . Reducing the energy consumption in the building is beneficial for the total society because of the reduction in the CO 2 emissions and the reduction in the operational cost of the buildings [6] .
One of the most effective ways of reducing the energy consumption in buildings is the use of insulation in the building envelope [7, 8] . The thickness of the insulation layer is a critical factor that determines the energetic and financial sustainability of every building. The insulation layer is extremely important for the reduction of both the heating and cooling loads, but especially for the heating loads, which can be varied from 15 up to 100 kWh/m 2 [9, 10] . Moreover, the use of insulation is able to increase the thermal comfort inside the buildings and so the productivity of the workers can be increased [11] , and the sleeping or living conditions can also be enhanced [12] . However, the use of insulated and especially well-insulated envelopes increases a lot of the construction cost of the building. However, this higher investment cost can be balanced by the reduction in the energy consumption, which reduces the operational cost of the building [13] . In every case, it is important to take into consideration the life cycle of the building and investigate its energy consumption during its operation, as well as the energy consumption for the production of the utilized materials [14, 15] . operational cost, and simple payback period of all the examined cases. The insulation cost is taken into consideration, which is something important for these studies but is seldom taken into account. The final results of this work indicate the optimum financial scenario for every case, as well as the relationship between the energetic and financially optimum choices. These results can be used for the future design of a Greek residential building in all the climate zones. The novel part of this work is associated with the separate investigation of the energy and cost analysis, as well as the investigation of the insulation cost. Furthermore, the advantages/disadvantages of the great insulation thickness can be found by the multi-objective evaluation procedure.
Materials and Methods

Greek Climate Zones
Greece is a country with important climate variations because of the high percentage of mountainous land and the great coastline. Thus, it has been separated into four climate zones in order to be studied with higher accuracy. In this work, four representative cities, one for every climate zone, are investigated. They are Heraklion (zone A), Athens (zone B), Thessaloniki (zone C), and Florina (zone D). Figure 1 [32] illustrates the climate zones and the examined cities. Florina and Thessaloniki are the coldest cities, while Athens and Heraklion are the warmest cities. Practically, the climate zone A regards the warmest regions of Greece and generally covers the southwest regions, while climate zone D includes the coldest regions in the north part of Greece. Table 1 includes more details about the examined locations [33] . More specifically, the given information is the following: longitude, latitude, altitude, mean yearly temperature, yearly solar potential on the horizontal surface, as well as the heating degree days (HDD) and the cooling degree days (CDD). The relatively high CCD for Athens and Thessaloniki is explained by the fact that these are urban areas. The Heraklion is an island urban area that presents a lower number of CCD because the island climate plays a significant role on the cooling demand.
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The Examined Building
In this work, a simple building envelope is examined with 100 m 2 floor area and two sides of 10 m each (10 m × 10 m), while the height of the cell is 3 m. The only variable parameter is the insulation thickness, which ranges from 0 cm (uninsulated case) to 8 cm (well-insulated case) with 2 cm steps. This upper limit has been selected as one reasonable choice because greater thickness leads to an extremely low reduction in heating loads. The external walls are located in the four directions (south, west, north, and east) and windows have been placed in all the walls except for the north wall, where there is the building door. The examined case is a domestic building and it follows the operation program according to KENAK. Figure 2 depicts the top view of the examined building. 
In this work, a simple building envelope is examined with 100 m 2 floor area and two sides of 10 m each (10 m × 10 m), while the height of the cell is 3 m. The only variable parameter is the insulation thickness, which ranges from 0 cm (uninsulated case) to 8 cm (well-insulated case) with 2 cm steps. This upper limit has been selected as one reasonable choice because greater thickness leads to an extremely low reduction in heating loads. The external walls are located in the four directions (south, west, north, and east) and windows have been placed in all the walls except for the north wall, where there is the building door. The examined case is a domestic building and it follows the operation program according to KENAK. Figure 2 depicts the top view of the examined building. More details about the investigated building are included in Table 2 [22, 23] . Generally, typical values have been selected for the various parameters in order for the conclusions of this work to be general and not specific.
It is important to state that there are double windows in order to reduce the thermal losses. More specifically, they have thermal transmittance (or U-value) of about 1.57 W/m 2 K, a value that includes the peripheral frame. All the external walls (except the roof) have five layers, as follows: 1.5 cm plaster (outer layer), 12 cm brick, 0-8 cm insulation, 12 cm brick, and 1.5 cm plaster (inner layer). The outer layer of the roof is a cement layer of 20 cm, the second is an insulation layer (if More details about the investigated building are included in Table 2 [22, 23] . Generally, typical values have been selected for the various parameters in order for the conclusions of this work to be general and not specific.
It is important to state that there are double windows in order to reduce the thermal losses. More specifically, they have thermal transmittance (or U-value) of about 1.57 W/m 2 K, a value that includes the peripheral frame. All the external walls (except the roof) have five layers, as follows:
Designs 2018, 2, 34 5 of 17 1.5 cm plaster (outer layer), 12 cm brick, 0-8 cm insulation, 12 cm brick, and 1.5 cm plaster (inner layer). The outer layer of the roof is a cement layer of 20 cm, the second is an insulation layer (if exists) of up to 8 cm and the inner layer is 1.5 cm of plaster. The ground has a typical composition and is a well-insulated structure. Table 3 gives the thermal properties of the used materials, which are in accordance with the TOTEE values 20701-2/2010 (technical guidelines) [34] . The most important parameter in Table 3 is the thermal conductivity of the insulation layer, which is 0.04 W/mK and has a high impact on the thermal transmittance.
By taking into consideration the TOTEE KENAK regulations for Greek buildings, the equivalent building thermal transmittance has a maximum acceptable value. These values have been calculated from TOTTE KENAK and are given in proper tables [34, 35] . The ratio of external building area to the building volume is 1.07 m 2 /m 3 and this value determines the maximum possible thermal transmittances according to regulations (KENAK tables) [35] . More specifically, for zones A to D, the maximum thermal transmittances limits are the following: 0.81, 0.73, 0.66, and 0.60 W/m 2 K for the climate zones, respectively. Table 4 gives the thermal transmittance of all the examined structural components and of the total building cell, for all the examined cases. Comparing the TEE-KENAK limits and the values of Table 4 , an insulation layer of 4 cm is adequate for being in accordance with the regulations. However, it is important to state that this value is possibly more ideal for colder locations as opposed to the warmest locations in Greece. In this work, the simulation tool used is TEE-KENAK [34, 35] . In this tool, the thermal comfort conditions are defined as below:
-
The daily temperature should be 20 • C and 40% humidity in the winter.
The daily temperature should be 26 • C and 45% humidity in the summer.
A control system is used by the simulation tool in order to achieve these goals. Table 4 . Thermal transmittance (U) of structural components.
Structural Components
A (m 2 ) 
Mathematical Background and Methodology
The basic equations that have been used in the present work are included in this section. These equations are associated with the system energy balances, the building thermal behavior, and the financial investigation.
Equations about the Building Envelope
The structure of every building is an important factor for its heating and cooling loads. Specifically, the thermal resistance of the structural components (walls, roof, and ground) determines the heat exchange between the building and the outdoor environment.
The thermal resistance of a structural component (R) is a summary of many other thermal resistances. Each layer has its own thermal resistance and futher, the thermal resistances of the indoor and outdoor heat convections are taken into consideration. Equation (1) is the general formula for calculating the thermal resistance for a usual structural component:
It is useful to state that the indoor heat convection coefficient (h in ) and outdoor heat convection coefficient (h out ), as well as the thickness (L j ) and thermal conductivity (k j ) of every layer, are taken into consideration in the thermal resistance (R) calculation.
Usually, in building applications, the thermal transmittance (U) or the (U-value) is used for the evaluation of the structural components, which is given by Equation (2).
The thermal resistance and transmittance are influenced by the material thermal properties and their dimensions (especially the thickness). The most important thermal resistance is for the insulation layer and especially the insulation thermal conductivity is the key factor among the material thermal properties. Lower values of the thermal conductivity lead to a well-insulated scenario. Moreover, the other way to reduce the thermal transmittance and to create a more insulated envelope is to use a higher insulation thickness. Thus, this work investigates whether the impact of the insulation layer thickness on the heating loads has a significant value for the thermal behavior of the building.
The overall thermal transmittance of the building envelope (U tot ) is calculated using the following formula:
Equations about the Equipment
The examined heating system includes a boiler and radiators. The efficiency of the heating system (η heating ) is calculated as the product of boiler efficiency (η boiler ) and heat exchange system efficiency (η hex ).
Moreover, the heating system efficiency can be written as the ratio of the heating load (E heating ) to the energy consumption in the boiler (E B ):
The energy of the fuel (E B ) is calculated as the product of the fuel mass rate (M B ) and the lower heating value of the fuel (H u ):
The cooling load (E cooling ) is covered using a heat pump, which consumes electricity (P el ). The mean coefficient of performance (COP) of the heat pump is equal to 3.4 [34, 35] , and is defined as follows:
Equations about the Environmental Indexes
The primary energy consumption (PE) is the equivalent energy utilization of the examined systems and is calculated according to Equation (8) . It is important to state that the proper coefficients are used in order to convert the electricity and the fuel energy into the property energy for Greece [34, 35] . The (E B ) and the (E el ) are the yearly consumptions in fuel and electricity, respectively.
The mass of CO 2 that is produced from the consumption of the primary energy (M CO2 ) is calculated as below, using the proper coefficients for Greece [34, 35] :
Equations for the Financial Analysis
The financial analysis is performed in order to determine if the cost of the extra insulation thickness can be counterbalanced by the reduction in the operation cost due to the reduction in the consumption of electricity and fuel.
The simple payback period (SPP) is the selected evaluation index and it practically takes into account the investment for the insulation installation (CC ins ), as well as the reduction of the operation cost (OC) L compared with the uninsulated wall (OC) L=0cm .
The total cost of the insulation (CC ins ) is calculated according to Equation (11):
The above equation shows that there is a constant part of the insulation installation at 7 €/m 2 (of insulation area) and a varying cost of 2 €/m 2 cm (of the insulation layer and insulation thickness), according to the literature [23] for Greek climate conditions.
The operating cost (OC) is calculated using the electrical energy consumption (E el ), the fuel energy consumption (E B ), and their costs. The cost of the electricity (K el ) is selected close to 0.15 €/kWh el and the fuel heat cost to 0.12 €/kWh th .
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Followed Methodology
In this paper, the impact of the insulation thickness in heating and cooling loads is analyzed parametrically. The simulation tool is the TEE-KENAK program, which is the official program for energy certificates in Greece. This tool provides information about the dynamics of the thermal behavior, the individual building element, the total building envelope, and the energy systems used. Furthermore, this tool is based on detailed simulation models and allows the assessment of the overall energy performance of a building and its indoor climate conditions. These models calculate the values of a series of variables such as the inside temperature, humidity, temperature of the surfaces, air flow, energy consumption, thermal comfort, and air consumption, solving differential equations describing mass transport and heat in buildings. It is important to state that the used tool follows the standard EN ISO 13790 and has been also used in many literature studies [21] . Moreover, the performance of the examined installation is variable during the year period according to the climate conditions, and thus the various devices are modeled seasonally in their partial load. Lastly, it is useful to state that the boiler nominal heating power is 8 kW and that of the air to air heat pump is 6 kW. It is also important to state that the present calculations, which are according to EN ISO 13790, are more accurate for the heating loads than the cooling loads because the methodology followed is based on the average monthly values. However, the obtained results regard yearly energy consumptions and thus are acceptable. For more accurate studies with daily and hourly results, more detailed tools are needed.
The insulation thickness varies up to 8 cm in order to cover all the usual cases, from uninsulated to very well insulated building cells. It is important to state that the insulation layers of the external walls, roof, and ground are changing together in the parametric analysis. Greece is a country with a very variable local climate and for this reason, four different cities, one for every climate zone, are examined. The heating load, cooling loads, primary energy consumption, carbon dioxide emissions, and yearly operation cost are calculated for every examined case. The heating load is covered by a central heating system with a boiler, while the cooling is covered by local heat pumps. Finally, the optimum insulation layer for every city is determined energetically and financially. More specifically, the financial evaluation is based on the simple payback period calculation of the insulation investment for every case. The final results are also evaluated using a multi-objective procedure. Table 5 includes useful parameters that are input in this work. It is useful to state that the heat exchanger efficiency takes into account various losses of the heating circuit from the boiler to the indoor space, which leads to energy loss. 
Results
Energetic Analysis
The first step in this work is the energetic evaluation of the examined insulation scenario for the four examined locations. It is important to remember that every city corresponds to a different climate zone of Greece. Moreover, the results are presented per collecting area in order for the given values to be easily generalized and compared with other studies. Also, the results regard the yearly operation. Figure 3 depicts the heating loads of the examined cases. The zero insulation indicates the case of the uninsulated building envelope. It is obvious that higher insulation thickness leads to lower heating loads. The reduction between the insulated and the uninsulated building is high and this fact shows that a small insulation layer leads to an important reduction in the heating loads. According to the results of Figure 3 , the city with the greater heating loads is Florina, followed by Thessaloniki, Athens, and Heraklion, respectively. It is also obvious from this figure that the insulation thickness after 6 cm has no important impact on the heating loads, which proves that there is no need for huge insulation thicknesses in the Greek climate conditions. Only for Florina, the higher insulation thickness seems to be a noteworthy idea because of the significant reduction of the heating loads. Figure 4 illustrates the cooling loads of the examined cases. Athens is the city with the highest cooling loads, followed by Heraklion, Thessaloniki, and Florina, respectively. It can be said that the insulation leads to lower cooling loads compared with the uninsulated case, but the reduction is not as high as in the heating loads (see Figure 3) . Thus, it can be said that the use of insulation is more important for the reduction of the heating loads than of the cooling loads. Florina is a city that has too low cooling loads, and thus the use of insulation is not so important for the reduction of the cooling loads. Athens is the city with the highest cooling loads, while the Heraklion is the southwest city among those examined. This result can be explained by the warm climate conditions in Athens, which is an overpopulated city with the urban heat island effect. Moreover, it is useful to comment that this work indicates that higher insulation thickness reduces the cooling loads, but there are also other studies in the literature with the opposing result (e.g., [18] ). Thus, it is important to state that the impact of the insulation on the cooling loads has not always followed the same trends and depends on the ambient temperature, set temperature, building operating schedule, and various parameters of the building envelope.
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Financial Analysis and Evaluation
The next step in this work is the financial evaluation of the obtained results. The simple payback period is used as the suitable index for evaluating the investment of insulation placement in the envelope. Figure 7 shows the yearly operating cost of the building for covering the heating and cooling needs for all cases. The operating costs are reduced with each use of insulation and it is obvious that the difference between the uninsulated case and the insulated case of 4 cm is huge. Moreover, higher insulation thickness reduces the operation cost, but not at a great rate because the curves tend towards the horizontal for high insulation thicknesses. 
The next step in this work is the financial evaluation of the obtained results. The simple payback period is used as the suitable index for evaluating the investment of insulation placement in the envelope. Figure 7 shows the yearly operating cost of the building for covering the heating and cooling needs for all cases. The operating costs are reduced with each use of insulation and it is obvious that the difference between the uninsulated case and the insulated case of 4 cm is huge. Moreover, higher insulation thickness reduces the operation cost, but not at a great rate because the curves tend towards the horizontal for high insulation thicknesses. The simple payback period takes into consideration both the investment and the operation cost of every case. Figure 8 depicts the results of all the examined scenarios. It is found that the 4 cm insulation layer thickness minimizes the simple payback period. Thus, this is the optimum insulation thickness for all the cities and consequently the climate zones. These results are in accordance with the general rule of using 4 cm insulation in buildings, as has been found in Section 2.2 using the results of Table 4 . At this point, it is useful to comment that greater insulation thickness increases the investment cost, but leads to lower operating cost. Thus, this financial analysis examined which is the optimum insulation thickness that leads to easier depreciation of the initial investment through the reduced operating cost.
The lowest simple payback period is 2.56 years and it is found for the Florina, which is the city with the highest heating load. The second city is Thessaloniki with 3.56 years, the third is Athens with 4.96 years, and the forth is the Heraklion with 8.13 years. This sequence is the inverse compared with the heating loads sequence (see Figure 3) . Thus, it is found that the use of insulation is more important for the locations with high heating loads. The previous numerical values correspond to the optimum case with 4 cm. Table 6 includes the results for the optimum cases. The most useful information in this table regards the gains in the heating and the cooling loads of the optimum case compared to the insinuated scenario. This reduction in the heating load is ranged from 52.8% up to 62% with a mean value of 56.7%. The cooling load reduction is ranged from 5.5% up to 23.0% with a mean value of 12.0%. It is obvious that the reduction in the heating loads is about 4.73 times greater than the cooling loads.
In the end, it is essential to state that the optimum insulation thickness could be different from location to location. Moreover, the deviations of the heat/electricity cost are able to change the optimum insulation design. For example, higher cost of energy leads to greater cost for heating/cooling and so the optimum insulation can be greater in these cases. The simple payback period takes into consideration both the investment and the operation cost of every case. Figure 8 depicts the results of all the examined scenarios. It is found that the 4 cm insulation layer thickness minimizes the simple payback period. Thus, this is the optimum insulation thickness for all the cities and consequently the climate zones. These results are in accordance with the general rule of using 4 cm insulation in buildings, as has been found in Section 2.2 using the results of Table 4 . At this point, it is useful to comment that greater insulation thickness increases the investment cost, but leads to lower operating cost. Thus, this financial analysis examined which is the optimum insulation thickness that leads to easier depreciation of the initial investment through the reduced operating cost.
In the end, it is essential to state that the optimum insulation thickness could be different from location to location. Moreover, the deviations of the heat/electricity cost are able to change the optimum insulation design. For example, higher cost of energy leads to greater cost for heating/cooling and so the optimum insulation can be greater in these cases. 
Discussion
The last step in this work is the multi-objective evaluation of the insulated cases. Figure 9 depicts the insulation scenarios of 4, 6, and 8 cm for the four cities. The cases with 2 cm are not depicted because they do not belong in the Pareto Front. Practically, this figure shows the relationship between the simple payback period and the specific primary energy consumption. The general idea is that higher insulation thickness than the optimum case of 4 cm leads to lower primary energy consumption. Thus, there is a difference between the financial and the energetic optimization. Figure 9 shows that after the limit of the 4 cm insulation layer, the payback period is increased while the primary energy consumption is decreased. Practically, the decrease of the primary energy consumption (due to the loads reduction) is not sufficient for covering the extra cost of the extra insulation thickness. Thus, the energetic optimum case is not the same as the financially optimal choice. This analysis proves that there is a need for deeper analysis in every case with many criteria in order to have a multi-lateral optimal choice. Moreover, it is important in every case to define the most appreciated criteria. For instance, for a nearly zero energy building, the energy criteria are more important than the financial criteria, while for a typical building, the financial criteria usually have to be selected. Moreover, when there is a need for high-quality thermal comfort conditions, then the increase of the insulation is possibly a good idea.
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The last step in this work is the multi-objective evaluation of the insulated cases. Figure 9 depicts the insulation scenarios of 4, 6, and 8 cm for the four cities. The cases with 2 cm are not depicted because they do not belong in the Pareto Front. Practically, this figure shows the relationship between the simple payback period and the specific primary energy consumption. The general idea is that higher insulation thickness than the optimum case of 4 cm leads to lower primary energy consumption. Thus, there is a difference between the financial and the energetic optimization. Figure 9 shows that after the limit of the 4 cm insulation layer, the payback period is increased while the primary energy consumption is decreased. Practically, the decrease of the primary energy consumption (due to the loads reduction) is not sufficient for covering the extra cost of the extra insulation thickness. Thus, the energetic optimum case is not the same as the financially optimal choice. This analysis proves that there is a need for deeper analysis in every case with many criteria in order to have a multi-lateral optimal choice. Moreover, it is important in every case to define the most appreciated criteria. For instance, for a nearly zero energy building, the energy criteria are more important than the financial criteria, while for a typical building, the financial criteria usually have to be selected. Moreover, when there is a need for high-quality thermal comfort conditions, then the increase of the insulation is possibly a good idea. Furthermore, it is essential to state that the use of greater insulation thickness leads to buildings with lower environmental impact due to the reduced CO2 emissions. This is an extra point that has to be taken into consideration for adopting the use of well-insulated buildings in the future. The use of the CO2 emissions as an extra optimization criterion in the future studies is something critical for designing more environmentally friendly buildings. Furthermore, it is essential to state that the use of greater insulation thickness leads to buildings with lower environmental impact due to the reduced CO 2 emissions. This is an extra point that has to be taken into consideration for adopting the use of well-insulated buildings in the future. The use of the CO 2 emissions as an extra optimization criterion in the future studies is something critical for designing more environmentally friendly buildings.
It has also to be stated that the optimum insulation thickness in this work has been found at 4 cm, while in a previous work, it had been found at 6 cm [23] . These values are close to each other but the reason for this difference is based on the different examined installations between this work and the work [23] with solar assisted heating systems. More specifically, the installation cost of the solar system is taken into consideration in the literature [23] , and this fact is very important for the financial optimization of the system.
As future work, the present methodology can be extended in more locations in Greece and is able to take into consideration more parameters such as the glazing, building operating schedule, indoor equipment loads, and lighting type. Lastly, it has to be said that the acoustic insulation is also something critical that can be studied [36, 37] .
Conclusions
This paper investigates the impact of the insulation layer thickness on the energy and financial performance of Greek residential buildings. Four different climates zones are examined by simulating the same building in four different cities in Greece. For every city, different insulation scenarios up to 8 cm, as well as the uninsulated case, are studied. This work is conducted using the TEE-KENAK software and the most important conclusions of this work are listed below:
-
The sequence of the heating loads from the highest to the lowest is as follows: Florina (zone D), Thessaloniki (zone C), Athens (zone B), Heraklion (zone A).
The sequence of the cooling loads from the higher to the lower is as follows: Athens (zone B), Heraklion (zone A), Thessaloniki (zone C), Florina (zone D).
The energetic analysis proved that the higher insulation leads to an important reduction in the heating loads and to a smaller reduction in the cooling loads. Generally, insulation thickness over 6 cm has an extremely low impact on the results.
It is found that the heating loads influence the primary energy consumption, the CO 2 emissions, and the operational cost compared with the cooling loads.
The financial analysis proved that the insulation thickness of 4 cm leads to the minimization of the simple payback period of the insulation placement investment. More specifically, it is found that the payback periods are 2.56 years for Florina, 3.56 years for Thessaloniki, 4.96 years for Athens, and 8.13 years for Heraklion.
The multi-objective evaluation of the various insulation scenarios proved that after the financially optimum thickness of 4 cm, higher thickness leads to lower primary energy consumption. However, this reduction in the primary energy consumptions is not able to eliminate the extra cost for the extra insulation material.
The results of this work can be used for the proper design of buildings in various climate zones of Greece. The specific values of various parameters (loads, primary energy consumption, etc.) are given so the results can be extended to different buildings with various floor areas. Lastly, the need for conducting multi-objective procedure in order to evaluate the results with a deeper and more critical way was highlighted.
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